The paper presents an experimental study of active mass damper control strategy based on analysis of energy dissipation. The reduced model of telecommunication mast was built in laboratory. Using the special laboratory setup the verification of the proposed strategy was carried out for free and forced vibrations. Uniaxial and biaxial reduction systems were considered. Experiments confirmed that the proposed algorithm is effective. The best vibrations reduction was obtained using biaxial reduction system.
INTRODUCTION
Tall guyed masts are important elements in broadcasting systems. They support various antenna types at proper height in order to transmit various signals for example radio and telephone signals. Slender towers and masts are highly sensitive to wind and ground motion excitations. Analysis has shown that the force and the bending moment in the mast due to earthquake loads are much larger than the corresponding force and moment due to the wind load. Vibrations of guyed towers have been studied by many researchers [1] . There are a number of methods of vibration reduction [2] . They are mostly associated with wind excitation. The definitely fewer methods concern seismic excitation.
Small effectiveness of passive wind-and seismic-resistant vibration reduction systems lead to the development of semiactive and active systems. One of these systems is active mass damper (AMD). It evolved from tune mass damper (TMD) by introducing an actuator and active control subsystem. Development of AMDs focuses on seeking optimal control algorithms. It is expected that masts with AMD will demonstrate enhanced effectiveness in a wide frequency band in comparison to the masts without dampers or masts with TMD. The analytical studies and descriptions of full-scale AMD system implementation are presented in literature [3, 4] . AMDs require usually smaller actuators than other active system because actuators in AMD systems are used to drive the auxiliary mass, while the actuators in other active systems mostly act on the structure directly. In spite of it, the effectiveness of an AMD is significant, mainly around the fundamental frequency of the structure.
This paper presents an experimental study of AMD control strategy based on energy dispersion analysis. The reduced model of telecommunication mast was built in laboratory. Using the special laboratory setup the verification of the proposed strategy was carried out. of various dimensions. The base of the section is a square with a side length of 2.04 m. The section has the shape of a truncated pyramid with a height of 30 m. The upper cross-section has the shape of a square with a side length equal to 0.726 m. The upper section is made up of eighteen segments having the shape of rectangular prisms of various heights. The scheme of the mast is shown in Fig. 1 .
Eighteen antennas with a total mass of 800 kg are installed on the mast from a height of about 25 m. The construction of the mast is asymmetrically reinforced with four fixed stay ropes. The total mass of the mast with stay lines is equal to about 5400 kg. The mass of the upper platform is equal to 300 kg.
Formation of the laboratory model of the mast was divided into several stages schematically presented in Fig. 2 . In the first stage the modal analysis of the mast was carried out using the finite elements method [5] . In the next stage of modelling, the matrix equation of vibrations of the full scale mast was written in principal coordinates. The modal description is very simple and fully reflects the basic properties of the construction. Thus the reduction of the complex model can be carried out in a modal space. Reduction is based on limitation of the number of modes and the number of principal coordinates [6] . As a result a new, simpler model is introduced. It is called the reduced model.
The kinetic and potential energies of the reduced model are smaller than the corresponding energies of the construction. However, the frequencies of reduced model are the same as the corresponding frequencies of the construction. Principal coordinates are generalized coordinates and usually do not describe directly the motion of selected points belonging to the constructions. The final description of reduced model requires the introduction of new physical coordinates and derivation of equations in assumed coordinates system. In order to solve the problem of realizability of the reduced model using passive elements a decision block is introduced (Fig. 2) . The final stage of calculations is the scaling of parameters. The determination of a scaling coefficient is associated with possible size of the model in the laboratory.
The scheme of laboratory model was shown in Fig. 3a . Additionally, in Fig. 3b the simple model consisting of mass and springs was introduced. In both figures the coordinate systems and symbols of masses and springs are defined. The symbol M represents the linear motor, which is a part of active mass damper. The electrical network of the linear motor is shown in Fig. 3c .
The state variables included in the following state vector [x 2 , v 2 , x 3 , v 3 , x 1 , v 1 , q s , i s ] T were assumed for the description of the system. They refer, respectively, to the displacements and velocities of the three platforms and the capacity and current flowing in linear motor circuit. There are two input variables in the system. The first is exciter plate displacement w x and the second is the source voltage e s . Displacements of the platform were assumed as output variables. The state equations for the considered, electro-mechanical system take the following form: Figure 1 .
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Scheme of the mast Vol. Scheme of laboratory model of the mast
CONTROL STRATEGY
The control algorithm is based on an energy analysis of the system. It aims to achieve a large amount of dissipation energy. The energy flow in the system is relatively simple and involves the conversion of mechanical energy into electrical and then the transformation of electrical energy into heat. The criterion of mechanical energy dissipation is associated with the assumption, that the power is introduced to the electric circuit from mechanical system. The actuator operates as a generator of electric energy. Thus the generator force acting on the body is in opposite direction to the relative velocity of damper mass. Except for the relative velocity, the algorithm must oversee the relative displacement of the mass damper because it is limited by the construction of the motor and additionally the range of displacement is divided into linear working part and nonlinear working part. In nonlinear working part the motor consumes significantly much energy. Due to displacement limitations, the correct operation of the motor needs a wide range of braking zones. Eventually, the zone of direct working of AMD is significantly decreased. Base zones of mass damper operation are shown in Fig. 4 .
The control system is fitted with current regulator. The amplification of regulator was selected in such a way that the force generated by linear motor is close to the force predicted by the algorithm. Block diagram of active reduction system is shown in Fig. 5 .
The decision module includes several subroutines controlling the whole system. Main subroutines are shown schematically in Fig. 6 by blocks numbered consecutively from 0 to 10. 
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EXPERIMENTAL STUDY
In order to verify the proposed algorithm the laboratory stand was equipped with additional systems. They were divided into three main parts: supply systems, measuring systems and control systems. The photograph of laboratory stand with the model of the mast is presented in Fig. 7 .
An electro-hydraulic biaxial vibration exciter was employed in the stand [7] . It is supplied by hydraulic pump system. The vibration exciter is installed under the base platform of the laboratory model of the mast. The reduction system was placed on the top plate of the laboratory model. The mass of damper is connected with the top plate by means of linear motors. The exciter and reduction system are shown in The subsystem for controlling the vibrations of laboratory model was linked with the measuring system as shown in Fig. 9 . The control system was based on a controller operating in real time system and additionally it is equipped with a programmable FPGA processor. The laboratory stand allows the testing of an active control system in the frequency range up to 20 Hz.
The experiments were performed for free vibrations and forced vibrations of the laboratory mast. Free vibrations were the effect of step displacement of the base platform. In order to investigate the forced vibrations the sinusoidal displacement of the base platform in horizontal direction was assumed. The control system of electro-hydraulic exciter holds the almost constant amplitude and slowly variable frequency from 0.1 Hz to 15 Hz.
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EVALUATION OF CONTROL STRATEGY
In order to evaluate the effectiveness of proposed control strategy, the response of the laboratory model without vibration reduction system was compared with the response obtained by using vibration reduction system. In order to assess the vibrations transmission from the exciter plate to platforms the following amplification factors were introduced ,
Symbols A 1 , A 3 describe amplitudes of displacements of the first and second platform of the laboratory model and A x is the amplitude of displacement of exciter plate. All displacement coordinates are shown in Fig. 3a .
Two courses of experiments were done. In the first one the vibration reduction system was blocked. In the second course the vibration reduction system was active and the proposed algorithm was used. Due to the small lack of symmetry of the laboratory model the base plate displacement in "x" direction generates the displacements of the first and the second platforms in "x" direction and in "y" direction. Therefore the reduction system was adjusted to operation as uniaxial system or biaxial system. Both setting of reduction system are explored. Using the received displacements, the amplification factors were calculated according to (2) . The factors as functions of frequency are shown graphically in Fig. 10 .
As illustrated in Fig. 10 , when reduction system was blocked both amplification factors demonstrate three maxima near the system natural frequencies and minima between them. Especially the first and second maxima are high. Each of them is associated with two natural modes -bending mode and torsion mode of the model. The frequencies corresponding to these modes are almost the same. In the case when reduction system was active amplification factors decrease significantly in vicinity of resonances and slightly increase for frequencies between the resonances. As expected the biaxial active vibration system gives the best results. In the last part of experiments free-vibrations induced by step displacement of exciter plate were investigated. The experiments were done with and without the vibration reduction system. Similarly to the forced vibration exploration, the reduction system was set in uniaxial mode and then in biaxial mode. The displacement time history of the upper platform is shown in Fig. 11 .
The observation of decrease of free vibrations leads to similar conclusions as those for forced vibrations. The application of biaxial reduction system assures that free vibration can be eliminated in relatively short time.
CONCLUSIONS
Experiments confirmed that the proposed algorithm is effective and can be used to reduce the vibrations of the masts for various types of excitations and frequency range including the first three natural frequencies of the structure. The algorithm was applied in uniaxial reduction system and biaxial reduction system. The best reduction of vibrations was obtained using biaxial reduction system. This result was expected taking into account the couplings between displacements in both directions.
The results presented in this work were obtained for the ratio of the weight of the reduction system to the total weight of the laboratory mast model to be equal to 1/26. The similar value of the mass ratio can be realized in full scale mast after a small correction of its construction. 
